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Abstract
In the arid Southwest, snowpack in mountains plays an essential role in
supplying surface water resources throughout the year. This research project uses
several methods of statistical analysis to conduct a characterization of snowpack data in
the Chuska Mountains and to compare snowpack data of the snow survey sites in the
Chuska Mountains to one another and to other regional snow survey sites. Results
from this research will provide the Navajo Nation Department of Water Resources
information to help determine if any snow survey sites in the Chuska Mountains are
redundant and can be discontinued to save time and money, while still providing
snowpack information needed by the Navajo Nation. This research project will also
provide the tribe with a summary of snowpack patterns, variability and trends in the
Chuska Mountains.
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Introduction
In the Southwest region of the United States, snowpack is an important indicator
of water resources. Monitoring snowpack can also be used for the interpretation and
prediction of climate and hydrologic conditions in the region. Collecting and storing
snowpack data is very crucial for water resources agencies and departments to
characterize water resources for the year.
The Navajo Nation Department of Water Resources collects snowpack data from
the Chuska Mountains, which are located in northwestern New Mexico and northeastern
Arizona on the Colorado Plateau. The Chuska Mountains are the major mountain range
within the political boundaries of the Navajo Nation, thus the Chuska Mountains are a
principal location for snowpack and headwaters. Every winter, between December and
April, the Navajo Nation Department of Water Resources conducts snow surveys twice
a month. These snow surveys are time-consuming and costly. However, collection of
snowpack data is an important component of monitoring and managing water resources
for the Navajo Nation. In a time of changing climate and uncertainties about water
supply in the arid Southwest, more ways of efficiently collecting and interpreting data
that would help in the forecast of water supplies are needed.
This research may help the Navajo Nation make better predictions of its water
supply, as well as provide additional information about the local and regional climate
and hydrology. Additionally, this research would help the Navajo Nation Department of
Water Resources have a better understanding of its snow survey sites that may save
time and money for future collection of snowpack data.

7 Lani Tsinnajinnie

The overall research question is “How well is snowpack in the Chuska Mountains
represented, based on data from snow survey sites in the Chuska Mountains and from
nearby regional snow survey sites?” This question is determined through several subquestions:
1. What general climate and hydrologic snowpack trends including seasonal cycle,
interannual variability, and time of maximum snow water equivalent, can be
identified through analysis of the snowpack data in the Chuska Mountains?
2. How do snowpack data from the nine survey sites in the Chuska Mountains
compare with one another? Are sites highly covariable? Are there any sites
strongly correlated to one another so that data collection from one of those sites
could be considered for cessation of data collection?
3. Do snowpack data from the Chuska Mountains correlate with snowpack data
from other regional snow survey sites? How do snowpack data from the snow
survey sites in the Chuska Mountains compare with data from other regional
snow survey sites in the Mogollon Rim, San Juan Mountains, and San Francisco
Peak?

It is hypothesized that: snowpack data from snow survey sites in the Chuska Mountains
are highly correlated with one another. However, we are unsure if snow survey sites
from more distant mountains such as the Mogollon Rim, San Juan Mountains, and San
Francisco Peak will have a strong correlation with snowpack data in the Chuska
Mountains.
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Objectives of this research are: 1) Identify snowpack trends in the Chuska
Mountains such as seasonal cycles and interannual variability, time of maximum
snowpack, and other climate trends; 2) Compare snowpack data between snow survey
sites in the Chuska Mountains for similarity among sites; 3) Compare snowpack data in
the Chuska Mountains with snowpack data from sites in the Mogollon Rim, San Juan
Mountains, and San Francisco Peaks.
This research may be used as a basis for additional research projects on
snowpack in the Chuska Mountains. Snowmelt runoff in the Chuska Mountains would
drain into either the San Juan River or Little Colorado River basins. The NNDWR also
manages several stream gages in and around the Chuska Mountains also in the San
Juan River and Little Colorado River basins. Future research on the relationship of
snowpack, snowmelt runoff, and streamflow will help further understanding of Navajo
Nation water resources and the forecasting of water supply.
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Background
The Navajo Nation is one of the largest recognized tribes in the United States
and has the largest Indian reservation in the country. The Navajo reservation is located
in the Four Corners area of southwestern North America and spans parts of Utah,
Arizona, and New Mexico, with a population of about 200,000. The primary source of
municipal water on the reservation is groundwater (NNDWR, 2000). The Cococino,
Navajo, Dakota, San Juan Unit aquifers are the four major aquifers of the Navajo Nation
and total about 700 million acre-feet of storage (NNDWR, 2000). Surface water sources
on the reservation include the Colorado River, Little Colorado River, San Juan River,
tributary washes, and other river systems (NNDWR, 2000). However, many residents
do not have access to a safe source of potable drinking water. In 2009, U.S. legislation
was signed to settle Navajo Nation water rights claims to the San Juan River, including
authorization for the Navajo-Gallup Water Supply Project that will pump water from the
San Juan River to communities on the reservation.
As a sovereign entity, the Navajo Nation manages its own natural resources
through the Navajo Nation Division of Natural Resources and the Navajo Nation
Environmental Protection Agency (NNDWR, 2000). The Navajo Nation Department of
Water Resources (NNDWR) lies within the Navajo Nation Division of Natural
Resources. Its Water Management Branch monitors Navajo Nation water resources
through networks of monitoring wells, stream gages, weather stations, and snow
courses (NNDWR, 2000). Data collected by the Water Management Branch plays a
crucial role in assessing and forecasting water resources for the Navajo Nation. In 2007,
a study assessing the Navajo Nation hydroclimate network was conducted to analyze
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accuracy and efficiency of data collected at NNDWR stream gage and weather stations
(Garfin et al. 2007). Some of the weather and streamflow data were inconsistent,
irregular or compromised by site conditions because of a shortage of resources to
efficiently manage all the data collection stations in the hydroclimate network.
Because the Navajo Nation is a sovereign entity and manages its own natural
resources, snowpack data collected by the Navajo Nation are not fully integrated with
U.S. national snowpack data collection. The U.S. Natural Resource Conservation
Service (NRCS) manages a national network of snow courses and computerized
snowpack monitoring called SNOTEL (SNOpack TELemetry) sites throughout the
United States. There are two snow survey sites in the Chuska Mountains that are also
SNOTEL sites. Besides climate monitoring, the NRCS also uses data collected in the
SNOTEL system for water supply forecasting. Simulation models have been
developed, or are in the process of being developed, using SNOTEL data to predict
water supplies. However, the use of statistical analysis has been the more general
method of using snowpack data to discern climate trends and to forecast water
supplies.
Numerous studies on the relationship between snowpack and climate and
streamflow variability have been conducted using snow course and/or SNOTEL data.
Mote (2006) used linear regression to compare snow water equivalent (SWE) to
temperature and precipitation that showed sensitivity of SWE to warming trends. Cayan
(1996) previously examined snowpack and interannual climate variability and also found
that snowpack variability is related to temperature and precipitation variability at a
regional scale and atmospheric circulations at a broader scale. Gutzler (2000) analyzed
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snowpack variability in the Southwest and found a strong correlation between spring
snowpack and summer rainfall in New Mexico. These studies show the importance of
snowpack data in helping to characterize and further understand climate in a particular
region.
Recent studies have focused on the influence of warming and climate variability
on streamflow generated from snowmelt runoff. Kalra et al. (2008) used statistical
analyses to examine trend changes in streamflow and snowpack in the western U.S and
found decreasing trends of snowpack in the stations examined for the 1951-2002
period. A regional Kendall test was used by Clow (2010) to analyze trends in the timing
of snowmelt and streamflow in Colorado. Clow (2010) found that April snowpack
declined in Colorado for the 1978-2007 period, that snowpack and air temperature are
factors that control most of the interannual variability of snowmelt timing, and that shifts
towards earlier snowmelt timing and snowmelt runoff are occurring. Each of these
studies indicated various effects of climate variability on snowpack and streamflow. Day
(2009) discussed and analyzed several methods and techniques being used in models
to forecast the impacts of climate change and variability on snowpack and streamflow.
With increasing discussion and evidence of climate change, more climate and water
resources researchers and professionals are looking for improvements of snowpack
data collection and analysis to make these forecasts.
There are also recent and more local studies on snowpack variability in the
Chuska Mountains and nearby regional mountains. Novak (2007) analyzed snowfall in
the Chuska Mountains using unpublished NNDWR data for the period 1985-2006 for
seven of the nine snow survey sites used in this study also which includes Bowl
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Canyon, Hidden Valley, Tsaile I, Tsaile III, Whiskey Creek, Fluted Rock, and Missionary
Springs. Novak (2007) created aggregated time series of SWE in the Chuska
Mountains for high elevation sites and for low elevation sites. Correlation of SWE with
temperature and precipitation was also conducted as part of the snowfall analysis of
Novak (2007). Comparison of interannual SWE results of this study and Novak (2007)
is discussed in the Results section of this report.
Jones (2007) analyzed snowpack in the San Juan Mountains and the
relationships with streamflow and found that snowpack in southerly, lower elevation
basins had earlier snow melt and March 1 SWE values are better to use when
correlating snowpack with streamflow for the northwest New Mexico area.

13 Lani Tsinnajinnie

Setting, Data and Methods
The study area for this research project is the Chuska Mountains, located in the
center of the Navajo Nation and along the border of New Mexico and Arizona. The
Chuska Mountains reach elevations above 9,000 ft. and lie in a region where the
climate is generally arid to semiarid (Stone et al. 1983). The NNDWR has nine active
snow survey sites scattered throughout the Chuska Mountains (see Figure 1). Streams
with headwaters in the Chuska Mountains flow into the San Juan River and Little
Colorado River basins.
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Courtesy Navajo Nation Department of Water
Resources

Figure 1 Navajo Nation Department of Water Resources Snow Survey Sites
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Figure 2 Location Map of Chuska Mountains and Regional SNOTEL sites
Six sites (Tsaile #3, Tsaile#1, Beaver Springs, Hidden Valley, Whiskey Creek, and
Missionary Springs) are located within the San Juan River watershed. Three sites
(Bowl Canyon, Fluted Rock, and Arbab Forest) are located within the Little Colorado
watershed. Figure 2 shows the location of the Chuska Mountains in relation to the
SNOTEL sites in the San Juan Mountains, San Francisco Peaks and Mogollon Rim that
were used in this study.
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Table 1 Navajo Nation Water Management Branch Active Snow Courses

The Whiskey Creek and Beaver Springs snow courses are also active SNOTEL sites.
Snow survey samples are collected by NNDWR hydrologic technicians according to
NRCS snow survey sampling techniques. Snow survey sampling is typically conducted
twice a month between late December and early April.

Figure 3 Photo of snow survey sampling equipment used by NNDWR
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Figure 4 Photo of Missionary Springs snow course, 3/29/2010
Data provided by the NNDWR for this research include: snowpack data (snow
depth, water content, density) from 15 snow survey sites, including 9 active sites,
ranging from 1985 to 2010, and basic snow course information. Regional snowpack
data from several other regional sites was taken from the NRCS SNOTEL database.
These include 2 sites near the Mogollon Rim, 1 site in the San Francisco Peaks, and 2
sites in the San Juan Mountains. Figure 2 shows the locations of the SNOTEL sites
used in this study from the Mogollon Rim, San Francisco Peaks, and San Juan
Mountains in relation to the Chuska Mountains. The San Juan Mountains are to the
northwest of the Chuska Mountains in southwest Colorado. The Mogollon Rim is
southwest of the Chuska Mountains in central Arizona. The San Francisco Peaks are
also southwest of the Chuska Mountains and north of the Mogollon Rim in northern
Arizona.
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Snow water equivalent (SWE) is the parameter used to account for snowpack in
this study. SWE is the amount of water contained in the snowpack. It is listed as “water
content” in NRCS snow survey sampling field notes. SWE is the parameter used in
most snowpack studies because water content takes into account variations in the
density of snow. SWE is also more relevant to use when studying snowpack in relation
to snowmelt runoff and water resources.
The minimums, maximums, quartiles, medians and means of each sample date
(January 1, January 15, February 1, February 15, March 1, March 15, April 1) for the
1985-2010 period of record were calculated for each snow survey site to characterize
the climatological seasonal cycle of snowpack in the Chuska Mountains as defined in
this dataset. These calculations help to characterize peak snowpack and its variability
in the Chuska Mountains, and show how snowpack at each site compares to snowpack
at the other sites.
After examination of these statistics (shown in Figure 5), the two March SWE
measurements (March 1 and March 15) of every year were averaged for each site and
are used to represent maximum seasonal snowpack accumulation for each site. If one
of the March sample date measurements was missing, an average for that year was not
calculated and was left blank. A time series of average March SWE is used as an index
of the interannual variability of peak snowpack in the Chuska Mountains and to compare
to local Chuska Mountain sites.
SWE measurements for the years 1985-2010 from SNOTEL sites in San
Francisco Peaks, Mogollon Rim, and the San Juan Mountains were downloaded from
the NRCS website to use for a comparison with Chuska Mountain snowpack.
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Table 2 Regional SNOTEL sites

The Snowslide Canyon SNOTEL site was used to represent the San Francisco Peaks,
near Flagstaff, AZ. Baker Butte and Promontory were the SNOTEL sites used to
represent the Mogollon Rim in East Central Arizona. The Cascade and Upper San
Juan SNOTEL sites were used to represent the San Juan Mountains. Most of these
sites, with the exception of the Upper San Juan site, also showed a peak in snowpack in
March.
Averages of the two March measurements of each year were taken for the five
regional sites for consistency with the March averages of Chuska Mountain snow
survey sites. A time series including a sample of the Chuska Mountain snow survey
sites and the regional sites was created to compare the year-to-year Chuska Mountain
snowpack to regional snowpack.
An interannual correlation table among March average SWE (1985-2010)
measurements between snow survey sites in the Chuska Mountains, San Francisco
Peaks, Mogollon Rim, and San Juan Mountains was created using the Microsoft Excel
correlation function. The correlation coefficients generated in the interannual correlation
table were used to assess the relationships between each of the snow survey sites.
The correlation matrix of March SWE for the nine Chuska Mountain sites was
passed as input into MATLAB to perform an eigenanalysis. The eigenanalysis is used to
analyze the variance of the interannual correlation of the Chuska Mountain sites.
Eigenvectors were created to show the optimum combination of snow survey sites that

20 Lani Tsinnajinnie

accounts for the most total interannual variance of March SWE in the Chuska
Mountains. Corresponding eigenvalues show the fraction of total interannual variance
accounted for by each eigenvector. The eigenvectors were used for optimum linear
weighting of the snow survey sites. The first and second eigenvectors, which account
for the most interannual variance, were projected into principal components time series
that correspond with eigenvectors.
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Results
Seasonal Cycle and Interannual Variability
Figure 5 shows that mean SWE peaks in March for most snow survey sites in the
Chuska Mountains. Arbab’s Forest SWE peaks in February, two weeks earlier than
other sites. Arbab’s Forest generally has the least snowpack, while Beaver Spring has
the highest amount of snowpack. Mean SWE at Arbab’s Forest peaks in mid-February
at 0.066m. Mean SWE at Beaver Spring peaks in mid-March at 0.26m. The other
seven sites have peak SWE between early and mid-March. Snow survey sites with the
highest mean SWE measurements are sites in high elevations of the Chuska
Mountains. Sites with lower mean SWE measurements are in lower elevations.
Appendix A has figures of all the time series showing the minimum, maximum, quartiles,
median, and mean for each site for each sample date. Figure 5 shows average peak
snowpack of Chuska Mountain snow courses. Whiskey Creek and Beaver Springs
have the highest average snowpack. Arbab’s Forest and Fluted Rock have the lowest
average snowpack. The highest average March snowpack occurred in 2010 at Beaver
Springs with an average measurement of 0.470 meters.
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Figure 5 Seasonal cycles of snow water equivalent at snow courses in the
Chuska Mountains
Figure 6 shows the seasonal cycles for the regional SNOTEL sites. The
Mogollon Rim sites, Baker Butte and Promontory, have the lowest average snowpack of
the five regional sites. Baker Butte has a seasonal cycle comparable to the Chuska
Mountains Missionary Springs site. The Baker Butte, Promontory, Snowslide Canyon,
and Cascade all show peak average snowpack in March. Promontory, Snowslide
Canyon, and Cascade all have more max SWE than any Chuska Mountains snow
survey site. Upper San Juan site has the highest peak average snowpack of the five
regional sites. The Upper San Juan is also the only one of the five regional SNOTEL
sites to have a later peak average snowpack, which occurs in mid-April.
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Figure 6 Seasonal cycles of snow water equivalent at regional SNOTEL sites near
Chuska Mountains

Figure 7 shows how the peak snowpack in March varies spatially across the
Chuska Mountains and the regional sites. Of the Chuska Mountain sites, the highest
March average snowpack occurs at Beaver Springs where March SWE averages
0.256m. The lowest March average snowpack is at Arbab’s Forest where March SWE
averages 0.044m. The higher peak snowpack values occur mostly in the northern sites
(Tsaile I, Tsaile III, Beaver Springs, Hidden Valley, Whiskey Creek, and Bowl Canyon)
where SWE measurements range from 0.157m-0.256m. Lower peak snowpack
measurements occur in the more southerly and lower elevation sites (Missionary
Springs, Fluted Rock, and Arbab’s Forest) where SWE measurements range from
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0.044m-0.098m. Of the regional sites, Upper San Juan has the highest peak snowpack
with a March SWE average of 0.688m, and Baker Butte has the lowest March SWE
average of 0.129m. The Mogollon Rim SNOTEL sites, which have March SWE
averages of 0.129m-0.305m, have peak snowpack measurements closest to the March
SWE averages of the higher elevation Chuska Mountains sites (sites with elevation
>8000ft), which range from 0.157m-0.256m.
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Figure 7 Average March SWE at Chuska Mountain and regional snow survey sites
Figure 8 shows a time series of March SWE averages for the nine Chuska
Mountain snow survey sites. This time series shows neither a trend of increasing nor
decreasing snowpack in the Chuska Mountains, which is not surprising for a short time
record. Years of relatively low snowpack are 1990, 1996, 1999, 2002, and 2006. Years
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of relatively high snowpack are 1993, 1997, 2005, 2008, and 2010. In 2005, most sites
showed increases in peak SWE from the previous year. However, Arbab’s Forest and
Missionary Springs showed a decrease in March SWE from the previous year. In 2010,
the highest March SWE measurements were observed for all nine Chuska Mountain
snow survey sites for the 1985-2010 period. Figure 8 also shows that the snowpack for
all of the Chuska Mountains sites follow the same pattern of years of high and low peak
snowpack, which indicates probable strong and positive correlations among the sites.

Figure 8 Interannual March SWE variability at Chuska Mountains snow courses
Figure 9 shows the year-to-year comparison of peak snowpack between sites in
the Chuska Mountains and regional sites in the San Francisco Peaks, Mogollon Rim,
and San Juan Mountains. Chuska Mountain sites are in blue. The San Francisco Peaks
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site is in light blue. The Mogollon Rim sites are in orange and the San Juan Mountains
sites are in green. The regional sites tend to follow the same pattern of years of high
and low peak snowpack as the Chuska Mountain sites. The Upper San Juan Mountain
SNOTEL site trends show much higher SWE measurements, ranging from 0.1 to 1.3m,
than the other sites, which is most likely due to a higher elevation than the rest of the
sites and from being located farther north.

Figure 9 Comparison of March SWE interannual variability

March SWE Correlation
A two-tailed t-test was used to find the correlation coefficients needed for 1% and
5% statistical significance for 26 years of snowpack data, assuming 1 degree of
freedom per year. For alpha=5%, correlation coefficients of 0.39 or above are needed
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for the relationship of the snow survey sites to be statistically significant. For alpha=1%,
correlation coefficients of 0.50 or above are needed for statistical significance.
Table 3 March SWE correlation matrix

The interannual correlation matrix (Table 3) shows that the March SWE data
among the sites are all positively correlated. Three pairs of sites with the strongest
correlations among the Chuska Mountain sites are Beaver Spring and Whiskey Creek,
Beaver Spring and Hidden Valley, and Hidden Valley and Tsaile I with correlation
coefficients of 0.97, 0.96, and 0.96, respectively. Plots of March SWE data for each of
these pairs of sites against one another show strong linear relationships (Figure 10a-c).
The Whiskey Creek vs Beaver Spring plot is the closest to fitting a 1-to-1 line. The
March SWE values for this pair of sites are the closest to being equal with one another
out of all the sites. The Beaver Spring vs Hidden Valley plot shows a strong correlation
and also indicates higher March SWE values in Beaver Spring. The Hidden Valley vs
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Tsaile I plot also shows strong correlation with slightly higher March SWE values at
Tsaile I.
Sites with the weakest correlations among the Chuska Mountain sites include
Arbab’s Forest and Whiskey Creek, Arbab’s Forest and Bowl Canyon, and Arbab’s
Forest and Tsaile III with correlation coefficients of 0.60, 0.64, and 0.64, respectively.
Plots of March SWE data for these pairs of sites with the weakest correlations are
shown in Figure 10d-f. In the Arbab’s Forest vs Whiskey Creek plot, Whiskey Creek
has mostly higher March SWE values. In the Arbab’s Forest vs Bowl Canyon and
Arbab’s Forest vs Tsaile III plots, Bowl Canyon and Tsaile III have much higher March
SWE values than Arbab’s Forest.
When comparing the snow survey sites in the Mogollon Rim with the Chuska
Mountain sites, Promontory and Hidden Valley have the strongest correlation with a
correlation coefficient of 0.92. Promontory and Hidden Valley also have the strongest
correlation out of all the regional sites when compared to Chuska Mountains sites. The
weakest correlation of Mogollon Rim sites with Chuska Mountains sites is between
Promontory and Arbab’s Forest with a correlation coefficient of 0.66. The San
Francisco Peaks’ Snowslide Canyon site correlates strongest with Bowl Canyon with a
correlation coefficient of 0.90 and weakest with Arbab’s Forest with a correlation
coefficient of 0.44. The Upper San Juan and Whiskey Creek sites have the strongest
correlation with a correlation coefficient of 0.74 when comparing Chuska Mountains and
San Juan Mountains sites. The weakest correlation between Chuska Mountains sites
and all the regional sites occurs between Upper San Juan and Arbab’s Forest with a
correlation coefficient of 0.19.
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Figure 10a-f Plots with strongest and weakest correlations among Chuska
Mountain Sites
a.

b.
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c.

d.
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e.

f.
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Figure 11 shows Arbab’s Forest is most closely correlated with Fluted Rock and
Missionary Springs. Among the Chuska Mountain sites, Arbab’s Forest is least
correlated with Whiskey Creek. Among the regional sites, Arbab’s Forest is most
strongly correlated with Baker Butte to the south and least correlated with Upper San
Juan to the northeast.
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Figure 11 Arbab's Forest 1 pt. Correlation Map
Figure 12 shows Beaver Springs is very strongly correlated with Whiskey Creek,
Hidden Valley, Bowl Canyon, Tsaile III and Tsaile I. Arbab’s Forest is the least
correlated site with Beaver Spring. Of the regional sites, Beaver Springs has strongest
35 Lani Tsinnajinnie

correlation with Baker Butte to the southwest and weakest correlation with Snowslide
Canyon to the west.

Figure 12 Beaver Spring 1pt correlation map
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Bowl Canyon is most strongly correlated with Beaver Springs, Hidden Valley, and
Whiskey Creek. Among the regional sites, it is most strongly correlated with Snowslide
Canyon to the west. It has weakest correlation with Arbab’s Forest and the two San
Juan Mountains sites to the northeast.
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Figure 13 Bowl Canyon 1pt Correlation Map
Fluted Rock is most strongly correlated with Missionary Springs and Arbab’s Forest.
Among the Chuska Mountain sites, Fluted Rock is most weakly correlated with Whiskey
Creek. Among the regional sites, Fluted Rock is most strongly correlated with Baker
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Butte to the southwest and most weakly correlated with Upper San Juan to the
northeast.

Figure 14 Fluted Rock 1pt Correlation Map
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Hidden Valley has strongest correlations with Tsaile I, Tsaile III, Beaver Springs,
Whiskey Creek, Missionary Springs, and Bowl Canyon. Among the regional sites,
Hidden Valley is most strongly correlated with Promontory to the southwest and least
correlated with the two San Juan Mountains sites to the northeast.
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Figure 15 Hidden Valley 1 pt Correlation Map
Missionary Springs is most strongly correlated with Fluted Rock and Arbab’s Forest and
most weakly correlated with Tsaile III out of the Chuska Mountain sites. It has strongest
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correlation with Baker Butte to the southwest out of the regional sites. It has the
weakest correlation with Snowslide Canyon to the west.

Figure 16 Missionary Springs 1pt Correlation Map
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Tsaile I and Tsaile III are most strongly correlated with Tsaile III, Beaver Springs, and
Hidden Valley. Among the Chuska Mountain Sites, they are least correlated with
Arbab’s Forest. Among the regional sites, Tsaile I and Tsaile III are most strongly
correlated with Promontory to the southwest and most weakly correlated with Upper
San Juan and Cascade to the northeast.
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Figure 17 Tsaile I 1pt Correlation Map
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Figure 18 Tsaile III 1pt Correlation Map

Whiskey Creek is very strongly correlated with Beaver Springs and Bowl Canyon.
Among the Chuska Mountain sites, Whiskey Creek has the lowest correlation with
Arbab’s Forest. Among the regional sites, Whiskey Creek is most highly correlated with
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Snowslide Canyon to the west and has lowest correlation with Baker Butte to the
southwest.

Figure 19 Whiskey Creek 1pt Correlation Map
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Eigenanalysis and Principal Component Analysis
A corresponding set of eigenvectors and eigenvalues was created for the nine
Chuska Mountain sites based on the matrix of March SWE interannual correlations
among all nine sites. The eigenanalysis and principal component analysis reduces the
dimensionality of the interannual variability time series of the nine Chuska Mountains
snow survey sites. Nine eigenvectors of the correlation matrix were created that
correspond to and explain nine modes of interannual variability. Each eigenvector
represents a weighted combination of the nine Chuska Mountains snow survey sites
with an associated eigenvalue, which shows how much each eigenvector accounts for
the total interannual variance. The eigenvalues are ordered in terms of variance. The
first eigenvector, associated with the first eigenvalue, is a pattern (i.e. the weighted
combination of sites) that explains the most interannual variance of Chuska Mountains
snow survey sites. The second eigenvector, associated with the second eigenvalue, is
orthogonal to the first eigenvector and explains the most residual interannual variance
of Chuska Mountains snow survey sites.
The first two eigenvectors in this analysis together account for 95% of the total
interannual variance. Although there were a total of nine eigenvectors created in the
eigenanalysis, only the first two eigenvectors were used in this study because they
accounted for nearly all of the total interannual variance. Table 4 shows the first and
second eigenvectors and their associated vector weights and eigenvalues.
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Table 4 Eigenvalues and Eigenvectors

The first eigenvalue accounts for almost 86% of the total interannual variance of
March SWE in the Chuska Mountains, which is more than any other possible pattern.
Thus, the pattern of the first eigenvector signifies the optimized or “primary” mode of
interannual variability. All the sites for the first eigenvector have positive coefficients,
representing positive correlations between interannual March SWE fluctuations at each
pair of sites. The coefficients of the first eigenvector are relatively evenly weighted,
ranging from 0.289 for Hidden Valley to 0.351 for Arbab’s Forest. Therefore, the
eigenanalysis suggests that, to a first approximation, March SWE varies coherently
across the entire 9-site network of sites.
The second eigenvalue accounts for almost 10% of the total March SWE
variance in the Chuska Mountains, which is fully two-thirds of the residual variance not
accounted for by the first eigenvector. Weights for Arbab’s Forest, Fluted Rock, and
Missionary Spring have negative coefficients which suggest this group of sites vary
somewhat differently than the rest of the Chuska Mountain snow courses. Of these
sites with negative eigenvector coefficients, Arbab’s Forest has the biggest weight
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(-0.592). Thus, Arbab’s Forest, Fluted Rock, and Missionary Spring constitute a
“second mode” of March SWE variability that is statistically separable from the overall
Chuska Mountains average represented by the first eigenvector. These three sites are
all located near the southern end of the network of sites, and are the three lowestelevation sites (less than 8000 feet, as documented in Table 1).
The first and second eigenvectors were projected back onto the interannual
variability time series of March snowpack anomalies to formulate principal components.
Missing March average SWE values were filled in using average normalized anomalies
of all the Chuska Mountain sites with actual data for March of that year. The first
principal component (PC1) maximizes the interannual variance of SWE according to
optimized weights calculated from eigenvector 1. Figure 20 shows the optimized
weighted time series from PC1 of March SWE in the Chuska Mountains. This time
series shows times of high and low snowpack accumulation in the Chuska Mountains.
Each first principal component point in the time series can be interpreted as an average
of March SWE over the entire network of sites. The second principal component (PC2)
time series, projected from the second eigenvector, is also shown in Figure 20 and
shows a different pattern of interannual March SWE variability associated with the lowelevation southern sites that project strongly onto eigenvector 2.
The principal component analysis reduces the amount of uncorrelated "noise"
shown in Figure 8 of March snowpack interannual variability. The set of nine time
series representing interannual variability of the nine Chuska Mountain sites is reduced
to two representative time series. The PC1 time series shows the first or “primary” mode
of interannual variability of March snowpack in the Chuska Mountains. It shows the

49 Lani Tsinnajinnie

same years of high and low snowpack as seen in Figure 8 because it represents most
of the total interannual variance. The PC2 time series shows the second mode of
interannual variability of March snowpack in the Chuska Mountains that represents most
of the residual interannual variance.

Figure 20 Principal component time series of March SWE variability

The PC1 time series was correlated with the nine Chuska Mountain snow survey sites
and the five regional SNOTEL sites to compare the weighted composite average of the
Chuska Mountains with the individual Chuska Mountain sites and regional external
sites. The correlation map of the PC1 time series for March SWE shows that the
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principal component analysis effectively synthesizes the 1-point correlation maps
discussed in the previous section (Figure 21).

Figure 21 Correlation map using optimized March SWE variability
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This map shows that using a weighted composite average, March snowpack variability
in the Chuska Mountains is most highly correlated with sites in the Mogollon Rim to the
southwest. The correlation coefficients of Promontory and Baker Butte with the Principal
Component 1 time series are 0.867 and 0.792, respectively. March snowpack in the
Mogollon Rim varies interannually most like the Chuska Mountains. The map also
shows that the Chuska Mountains are least correlated with snow survey sites in the San
Juan Mountains. The correlation coefficients of the Cascade and Upper San Juan sites
with PC1 time series are 0.640 and 0.612, respectively. March snowpack in the San
Juan Mountains varies most differently interannually with the Chuska Mountains.

Trend Analyses
Novak (2007) found trends of declining SWE in both aggregated SWE time
series of five high elevation (>2440m) and two low elevation (<2440m) Chuska
Mountain snow survey sites for the 1985-2006 period. The 2006 snow year, the final
year in the time series available to Novak (2007), was one of the lowest years on record
for SWE in the Chuska Mountains. Figure 8 shows that March SWE did not reach
above 0.5m in 2006 for any of the Chuska Mountain snow survey sites. However, with
the exception of 2009, March SWE has increased each year since 2006 in the Chuska
Mountains, including record highs of SWE measurements in 2010 for the 1985-2010
period. This may explain why a declining trend is not found in the Principal Component
1 time series.
An analysis of April snowpack in the Chuska Mountains was also performed to
determine if any trends exist. Several studies of snowpack in the western U.S. use the
April 1 sample date to represent peak snowpack and to find any trends. If an April 1
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snowpack trend existed in the Chuska Mountains, it could be compared to other April 1
trends discovered throughout the western U.S. Figure 22 shows variability of April 1
SWE.

Figure 22 April snowpack interannual variability
April 1 data for the year 1994 is missing for all snow courses in the Chuska Mountains.
Higher elevation sites such as Beaver Springs, Whiskey Creek, and Bowl Canyon still
have the most snow in April compared to lower elevation sites such as Missionary
Springs, Fluted Rock, and Arbab’s Forest which have little or no snow by April 1. A
linear regression analysis was used to determine if any trend exists for April 1 SWE
variability for Bowl Canyon, Tsaile I and Fluted Rock. Slopes for linear trend lines of
April 1 SWE for each of these sites were all less than -0.01 which indicates very little or
no trend.
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Conclusions and Future Work
Means for each snow survey site in the Chuska Mountain were calculated for the
years 1985-2010. Snow survey sites in lower elevations showed peak snowpack
accumulation in early March. Snow survey sites in higher elevations showed peak
snowpack accumulation in mid-March. I therefore developed a March index based on
both March observation dates. Generally, most mountains in the Western U.S. have
peak snowpack accumulation somewhat later, in early April. The earlier peak snow
accumulation in the Chuska Mountains is most likely due to the warmer temperatures
resulting from the lower elevations of the mountains and latitude.
Snowpack anomalies in the Chuska Mountains are generally highly correlated at
each snow survey site, year-to-year. Each of the snow survey sites in the Chuska
Mountains, correlated positively with every other site with R values of 0.6 or better.
Snow water equivalent at sites in lower elevations and sites in higher elevations vary
slightly differently from one another. Arbab’s Forest, Fluted Rock, and Missionary
Springs correlate better with one another than with the other six Chuska Mountain sites
in higher elevations, and vice versa. Of the higher elevation sites, Hidden Valley has the
most weight, and Whiskey Creek carries the least weight, in the eigenvector that
describes coherent interannual variability throughout the nine-site network of Chuska
Mountain snow sites. Of the lower elevations, Arbab’s Forest carries the most weight,
and Missionary Springs carries the least weight in representing the different set of
variability exhibited most strongly by the lower elevation sites. The principal component
analysis confirmed that the lower elevation sites varied a little differently than higher
elevation sites.
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Although the lower elevation sites show a slightly different pattern of variability,
results from the eigenanalysis confirms that each of the nine Chuska Mountain
correlates positively interannually with one another. A weighted composite average
determined by principal component analysis can be used to characterize the overall
variability of snowpack in the Chuska Mountains across all sites. The first principal
component time series shows the interannual variability of the Chuska Mountains
according to the optimized weights and can be used to determine years of high and low
snowpack accumulation in the Chuska Mountains, accounting for 86% of the total
interannual variance at all the sites.
The first principal component time series is also used as a weighted composite
average of SWE representing the Chuska Mountains and is interannually correlated
with the individual nine Chuska Mountain snow survey sites and the five nearby regional
SNOTEL sites. Chuska Mountain snow survey sites correlate highest with snow survey
sites in the Mogollon Rim with correlation coefficients of 0.80 and 0.87 at Baker Butte
and Promontory, respectively, and lowest with snow survey sites in the San Juan
Mountains with correlation coefficients of 0.64 and 0.61 at Cascade and Upper San
Juan, respectively. Individually, some Chuska Mountain sites may correlate higher with
other individual sites in the San Francisco Peaks than with sites in the Mogollon Rim.
Beaver Spring and Bowl Canyon had highest correlation coefficients of 0.85 and 0.90,
respectively, with Snowslide Canyon, compared to the other regional snow survey sites.
Some limitations of this analysis include inconsistencies with the data and length
of the snowpack record. The Missionary Springs snow course record dates back only to
1991. This may have skewed some of the analysis when correlating snow survey sites
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with one another. Also, there are gaps scattered throughout the snow course records in
the Chuska Mountains where sampling dates were missed for various reasons.
Overall, the snowpack record length for the Chuska Mountains is only twenty-six
years (1985-2010). This time period is too short to accurately characterize long-term
climate trends in the Chuska Mountains based only on snow course records. Thirty
years is the standard length of time required to calculate a climate “normal” that can be
used to describe climate in a particular area based on a climatic element such as
temperature or SWE. An average over a thirty year period of record is typically long
enough to accurately represent climate because it can account for short term weather
variations and anomalies. The interannual variability and short term fluctuations of SWE
observed in the Chuska Mountains may be due to natural short term weather patterns
such as the El Niño/Southern Oscillation cycle and may not reflect long term climate in
the Chuska Mountains. If a longer period of record of snowpack were available, short
term weather variations and long term climate trends could be differentiated from one
another.
If the NNDWR needs to eliminate any of its snow survey sites in the Chuska
Mountains, the snow survey sites are correlated strongly enough with one another to be
able to maintain substantial representation of snowpack throughout the Chuska
Mountains. If possible, high elevation and low elevation sites from each of the two
different watersheds and sites that represent the two different modes of interannual
variability should be kept. The recommended sites to keep include: Bowl Canyon as a
high elevation site in the Little Colorado River watershed; Fluted Rock or Arbab’s Forest
as a low elevation site in the Little Colorado River watershed and as a site from the
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second mode of variability; Missionary Spring as a low elevation site in the San Juan
River watershed; and at least one of the remaining five sites (Tsaile III, Tsaile I, Beaver
Spring, Hidden Valley, and Whiskey Creek). From the eigenvector analysis, the Hidden
Valley site carries the most weight from the first mode of interannual variability out of all
the Chuska Mountain sites. It is recommended that Hidden Valley be kept in the
Chuska Mountain snow course network as a high elevation site in the San Juan River
watershed that represents the first mode of interannual variability in the eigenvector
analysis.
However, eliminating any of the snow courses from the Chuska Mountain
network would result in a loss of resolution of the snowpack data. Loss of a data
collection site is a loss of data. Further studies may show different types of importance
any of the sites may have that is not yet known. For example, if further research is
completed on the relationship between snowpack and snowmelt runoff in the Chuska
Mountains, results may reveal high correlation between certain snow survey sites and
stream gages. Also, the twenty-six year period of record may be too short to show any
sensitivity of snowpack to long-term climate trends in the Chuska Mountains. Different
areas of the Chuska Mountains may show a variation of responses to climate variability
that is not shown in this study, so any truncation of snow data collection would result in
some loss of sensitivity in future climatic analyses.
The Navajo Nation Department of Water Resources can use the information
provided in this study as a basis for future studies, projects, and decisions on their snow
course network in the Chuska Mountains. This study provided a basic characterization
of snowpack in the Chuska Mountains. Further understanding of the seasonal cycle
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and variability of snowpack can help the NNDWR in forecasting snowmelt runoff and
surface water resources for the Navajo Nation through additional studies involving
correlation of snowpack and stream discharge in the Chuska Mountains. The correlation
and “weighting” of Chuska Mountain snow survey sites with one another may help the
NNDWR prioritize snow survey sites and determine which, if any, snow courses can be
discontinued. The correlation of Chuska Mountain snow survey sites with SNOTEL
sites in the San Francisco Peaks, Mogollon Rim, and San Juan Mountains shows how
the Chuska Mountains relates to the rest of the region. If the NNDWR chooses to do
so, merging of Chuska Mountain snow survey data, with a national network of data,
such as the SNOTEL network, may provide a better understanding of snowpack
patterns from a larger regional perspective.
Reasonably high correlation with SNOTEL sites in the Mogollon Rim may
suggest that past and future patterns of snowpack variability in the Chuska Mountains
may be estimated based on snowpack records in the Mogollon Rim. A more detailed
study that correlates snowpack in the Chuska Mountains with snowpack in the Mogollon
Rim that verifies strong correlation might be needed to make more accurate estimates
that would provide a better understanding of climate and climate variability in the
Chuska Mountains. Because the Mogollon snow survey sites have snowpack records
starting earlier than the snowpack record in the Chuska Mountains, previous years of
snowpack may be estimated based on the Mogollon Rim snowpack records. This
would allow a 30-year climate normal of SWE to be estimated for the Chuska
Mountains. Findings in this analysis suggest that snow survey sites in the Chuska
Mountains are strongly correlated enough with each other and with other snow survey
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sites in the region, such as in the Mogollon Rim and San Francisco Peaks, that peak
snowpack at one Chuska Mountain site can be predicted or estimated based on
snowpack data from the other local and regional sites.
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Appendix A: Seasonal cycles for individual Chuska
Mountains snow courses
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